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Abstract

Spectral CT adds a new dimension to radiological evaluation, beyond assessment of anatomical abnormalities. Spec-
tral data allows for detection of specific materials, improves image quality while at the same time reducing radiation
doses and contrast media doses, and decreases the need for follow up evaluation of indeterminate lesions. We review
the different acquisition techniques of spectral images, mainly dual-source, rapid kV switching and dual-layer detector,
and discuss the main spectral results available. We also discuss the use of spectral imaging in abdominal pathologies,
emphasizing the strengths and pitfalls of the technique and its main applications in general and in specific organs.
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Key points

+ Spectral CT allows for material-specific analysis in
addition to anatomical images of conventional CT.

+ The main spectral acquisition techniques are dual
source, rapid kV switching and dual layer detector.

+ The most commonly used spectral applications are
virtual non-contrast images, mono-energetic images
at different keV levels and iodine concentration.

+ Spectral data can be used to accentuate enhance-
ment, reduce metal artifacts, decrease the number
of scans in multiphasic imaging and characterize
lesions.

Introduction

Spectral computed tomography (CT), also known as
multi-energy CT or dual-energy CT, was first hypoth-
esized in the 1970s. However, it took years until the first
multi-energy scanners were robust enough to be intro-
duced into routine clinical practice in 2006, first as dual
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source scanners (utilizing two tubes with different volt-
ages) and rapid kilo-voltage (kV) switching scanners, and
lately also as dual layer detector scanners.

Conventional CT provides anatomical and morpholog-
ical evaluation of organs and tissues, with mostly qualita-
tive assessment of tissues in relation to adjacent tissues,
considering that the images are dependent on the energy
level selected during acquisition. Spectral CT adds a new
dimension to the images acquired, with material decom-
position supplying data regarding true composition of
specific materials in the scanned tissues, allowing for
accurate assessment of iodine concentration, subtrac-
tion of iodine from contrast-enhanced images, and also
supplying better quality anatomical images using mono-
energetic reconstructions.

We will discuss the principles and technical aspects of
spectral CT acquisition, describe general advantages and
disadvantages and also refer to organ specific applica-
tions in the abdomen.

Spectral principles and technology

Conventional CT images are generated from aver-
age attenuation values in multiple voxels which contain
multiple tissues. These tissues may have overlapping
attenuation at any given peak tube voltage (kVp). The
main contributors to attenuation coefficients are the
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photoelectric effect, which predominates in lower energy
levels, is highly energy-dependent and related to high
atomic numbers, and Compton scattering, which occurs
at energies above 50 kilo-electron Volt (keV), and is pre-
dominantly related to the electron density of a given
material. The comparison of attenuation levels derived
from two energy levels, high and low, can be utilized to
calculate the photoelectric effect and Compton scat-
tering. This allows for separation of tissues with similar
attenuation in any single energy level. This is commonly
referred to as material decomposition and is the basis for
spectral CT imaging.

The datasets of the two energy levels can be acquired
in multiple ways. The three main acquisition techniques
currently in the market (Fig. 1) are—dual source acqui-
sition (in which a low kV tube and a high kV tube scan
simultaneously at an angle offset to achieve 2 energy
spectra), rapid kV switching (in which the same tube
rapidly switches from low to high kV constantly during
its rotation) and detector-based spectral separation (in
which the detector is a dual layer detector separating
the energy levels after the beam has crossed the patient,
detecting low energy photons in the top layer and high
energy photons in the bottom layer), which is the new-
est technique, available commercially since 2016. Other
techniques also exist, although not as commonly used,
including "rotate-rotate” techniques (in which the tube
alternates energy levels between rotations) and scanning
using filter-based spectral beam splitting (split gold-tin
filter resulting in spectral separation before the beam
passes through the patient), which has also only recently
been introduced into clinical practice [1].

Each technique and each manufacturer uses a different
mathematical calculation to achieve spectral separation,
thus resulting in different spectral separation accuracies
[2], but all are considered robust and are in use clinically.
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There are several main advantages and disadvantages to
the different techniques. Detector-based spectral imag-
ing has the advantage of acquiring spectral data for all
scans without predetermining the need for spectral data
("always on"), with spectral data being able to be acquired
retroactively, without changing scan protocols and avail-
able for all scan phases in multiphase studies. These scan-
ners also provide true conventional CT images, unlike all
other techniques which only provide the conventional-
equivalent image which is a blended images of the two
energy levels. Detector-based imaging also has the best
temporal coherence because the different energies are
all detected at the same time, and is affected the least
by patient motion. Dual source spectral imaging has the
advantage of two tubes, able to generate good image
quality even in large patients, with the second tube able
to be used in non-spectral mode to perform extremely
fast scans, while also being the only technique limited by
a small field-of-view for spectral data because of space
limitations within the gantry, approximately 35 cm com-
pared with 50 cm for other techniques. The main spec-
tral acquisition techniques are able to provide scans with
comparable radiation doses to single-energy CT, regard-
less of the technique [3-5]. A full comparison of technol-
ogies with their advantages and disadvantages is beyond
the scope of this article and can be found in the literature
[1, 6].

General applications

The main applications currently available for most spec-
tral scanners are virtual non-contrast (VNC) images,
mono-energetic images at different keV levels, iodine
concentration, effective atomic number images, and
other material density images, which are constantly being
improved, with new applications also being developed.
Some applications will be discussed separately here,

detector based spectral imaging (c)

NS

Fig. 1 The main acquisition techniques currently in the market for spectral imaging: dual source dual energy CT (a), rapid kV switching (b) and
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while others will be discussed in the organ-specific sec-
tion later in the article.

VNC images

VNC images are created by subtracting all contrast-
enhanced structures from the acquired image. A robust
VNC image will allow for reduction of the overall radia-
tion exposure by decreasing the number of scans per
protocol. This reduction can be substantial, ranging
from 25 to 35% [7], depending on site-specific protocols.
VNC images are not affected by concentration or rate of
injected contrast or by the phase they are acquired from
(arterial vs. portovenous phase) [8].

However, replacing true unenhanced (true non-con-
trast, TNC) images by VNC images is only possible if we
can use them in a similar fashion. Studies have shown
that VNC images have comparable and adequate image
quality [7, 9, 10]. It has also been shown that there is
good correlation between attenuation on TNC images
and VNC images [7, 9-11]. However, when one looks at
the differences in attenuation numbers, quoted as under
15 HU in 92.6-98.6% of measurements, with higher
attenuation differences in fluid and fat [7, 9], one won-
ders as to the clinical applicability. TNC images in mul-
tiphasic examinations are used mainly for qualitative
analysis as for the presence of calcifications and other
hyperdense substances prior to contrast administration,
assessment of pre-contrast attenuation in adrenal lesions
or liver parenchyma, and quantitative analysis as part of
enhancement measurements in a suspected lesion. As
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for evaluation of enhancement, one can argue that the
inability to use the VNC as baseline for enhancement
measurement is off-set by the data provided for iodine
concentration. However, this is not the case for evalua-
tion of calcifications, for instance in evaluation of arter-
ies for calcified plaques and determination of severity of
vessel occlusion. It is even more concerning in adrenal
incidentalomas (Fig. 2), one of the most common lesions
encountered in clinical practice. A possible difference of
15 HU, even when taking into account the positive bias in
fat containing tissues (consistently higher attenuation in
VNC compared with TNC) [9], may cause over diagnosis
of adenomas as uncertain lesions and lead to unnecessary
further imaging [10]. A more substantial body of knowl-
edge is needed as for the correct threshold levels in such
cases before the substitution can be made.

Therefore, it appears that VNC images are still not
robust enough to replace TNC images in most clinical
settings. We suggest such a substitution only in cases of
borderline additional information gained by adding an
unenhanced image. However, VNC images are a valuable
tool in monophasic post-contrast protocols, in which
previously many incidentalomas led to further imaging,
which now can be avoided in some cases.

Mono-energetic images

The mono-energy application simulates a scan using a
monochromatic x-ray beam and allows us to choose the
energy level, in keV, for the reconstruction. Available
energy levels vary between spectral acquisition method

Fig. 2 Adrenal CT of a 52-year-old woman showing a 21 mm nodule in the right adrenal gland. The nodule has an attenuation of 4.6 HU on TNC
images (a), 77.2 HU on portovenous phase images (b) and 27 HU on 15 min delayed images (not shown), proving this is adenoma both by showing
an absolute washout of 69% and by pre-contrast attenuation. However, VNC images show attenuation of 21.8 HU (c), making this an indeterminate
nodule had this been an incidentaloma on portovenous phase spectral imaging only

/
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and manufacturer, ranging between 40 and 200 keV.
The energy level equivalent to 120 kVp is approximately
75 keV.

Conventional-equivalent mono-energetic images have
been shown to have improved signal-to-noise ratio (SNR)
and contrast-to-noise ratio (CNR) in contrast-enhanced
scans, particularly in obese patients [12—14]. However,
one must take into account the fact that measurements
of HU cannot be used as with conventional images, and
evaluating enhancement needs to be performed using
iodine concentration images.

The attenuation of structures increases as the mean
energy of the photons decreases, which is true for both
non-spectral low kVp scanning and dual energy low keV
mono-energetic settings. This is especially important
for scans using contrast media, as a decrease in energy
in the range approaching the K-edge of iodine (which is
33 keV) causes markedly increased attenuation of iodine-
enhanced structures [8].

Thus in spectral imaging, low keV mono-energetic
images accentuate iodine-enhanced structures without
increasing image noise and this allows us to decrease the
amount of injected contrast media, which may be crucial
in patients with renal impairment [8, 15-23]. Studies have
shown a feasible reduction of 70% in vascular studies and
50% in non-vascular studies, while considering that for
optimal evaluation of hypervascular lesions the reduc-
tion should likely be more moderate, of approximately
35% [8]. However, the decision to decrease contrast doses
is more complex, and needs to take into account overall
injected volume and flow rate needed to achieve optimal
enhancement. Also, as many institutions use multiple
scanners only some of which are spectral scanners, this
may entail individualized contrast protocols per scanner
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and per pathology (not only per body part), which may
prove to be problematic for optimal workflow and may
lead to more errors. Also one must consider that as the
attenuation of injected contrast increases, the attenua-
tion of positive oral contrast also increases [24, 25] which
may cause more artifacts.

At the other end of the spectrum, high energy levels
decrease beam-hardening artifacts and can be used for
metal artifact reduction (Fig. 3) [26-28]. For both low
keV and high keV reconstructions, one can choose the
optimal energy level based on personal preference, and at
our institution, using dual-layer spectral imaging, we pre-
fer 50 keV and 140 keV images.

lodine concentration images (iodine maps)

This is a very significant application for lesion charac-
terization. The generated images are equivalent to MRI
subtraction images. Iodine maps give radiologists the
confidence in evaluating contrast enhancement of a
lesion, proving that some lesions do not show contrast
material uptake and are benign, thus obviating the need
for further evaluation. These images have been shown to
have high accuracy regardless of acquisition parameters,
as long as the radiation dose is within a clinical range [29,
30]. Although differences in accuracy between manu-
facturers (likely related to the difference in acquisition
technique) have been reported for phantoms with errors
in measurement questioning our ability to use reported
threshold levels for certain pathologies [2, 31, 32], the
error is under 10%, which is an acceptable error, as long
as correct thresholds are used. The correct threshold has
not been adequately established yet. One recent study
found liver cysts to have iodine uptake of 0.23 £0.31 mg/
mL, consistent with the accepted threshold of 0.5 mg/

a price of reduced attenuation of contrast in the bladder (b)

Fig. 3 CT cystography of a 70-year-old woman after renal transplantation with a prior total hip replacement. Beam hardening artifacts caused by
metal hardware markedly degrade evaluation of pelvic structures (a). Spectral mono-energetic image at 140 keV shows improvement of artifacts, at
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mL across all scanners, but also found differences of up
to 20% within the same lesion in different time points
[33]. Another recent study [34] has found higher thresh-
olds of 1.3 mg/mL, and has suggested a more accurate
approach of measuring iodine concentration by nor-
malizing the results to the iodine concentration of the
aorta, and using a normalized threshold of 0.3 mg/mL.
Until further data is accumulated, we believe radiologists
should choose between a more conservative approach,
using a lower threshold for enhancement and likely sug-
gesting further imaging for lesions showing suspected
mild iodine uptake, and a more liberal approach using a
higher threshold which may lead to lesions being incor-
rectly diagnosed as non-enhancing. At our institution,
where we use detector-based spectral CT, we choose the
conservative approach. We also believe iodine concentra-
tion measurement on contrast-enhanced only studies, are
not robust enough for omitting the unenhanced phase of
multiphasic protocols (Fig. 4).

One of the most important uses for iodine maps in
abdominal imaging is characterization of incidentally
identified small lesions, the so called "too small to charac-
terize" lesions. Although it is tempting to say iodine maps
can be used to determine whether these small lesion are
truly non-enhancing, one must remember that these
images are still affected by the same partial volume arti-
facts which prevent us from reliably measuring the den-
sity (HU) of a lesion on conventional images. The true
size threshold for determining the iodine content of a
lesion using iodine maps is unknown.

Organ specific applications

Liver

The most intuitive use of spectral CT in the liver is for
better visualization of hypervascular lesions using low
keV mono-energetic images of the arterial phase (Fig. 5).
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This applies to hypervascular tumors, such as hepato-
cellular carcinoma (HCC) and neuroendocrine tumors
(NET), with studies showing better conspicuity, allow-
ing for visualization of a larger number of lesions, with
improved reader confidence [35-38]. However, the
low keV images may reveal many small hypervascular
lesions, some of which may be of uncertain significance,
and therefore evaluation of such lesions should always
be in the correct context, with concurrent evaluation of
conventional images, in order to prevent over diagnosis.
Using low keV images may also increase visualization of
hypo-enhancing hepatic lesions, such as small hypovas-
cular metastases, by increasing the attenuation of the
surrounding liver [39].

Better visualization of blood vessels and extravasa-
tion on low keV images [17, 40] may lead to improved
visualization of active hepatic hemorrhage in both trau-
matic and non-traumatic cases and may also lead to
better evaluation of vasculature before and after liver
transplantations.

Although iodine maps have been shown to be accurate
in liver phantom models, their clinical use in evaluation
of tumor response is still limited because of differences
in the biological distribution causing inter-patient and
intra-patient variability [33]. However, iodine quantifi-
cation has been shown to improve accuracy of diagnosis
of portal vein tumor thrombus, best evaluated using a
threshold level of 0.9 mg/mL [41]. It may also potentially
help to evaluate response to treatment in Budd-Chiari
syndrome [42] and differentiate between liver metasta-
ses and abscesses [43]. Specifically for HCC, it has been
shown that iodine concentration images improve the
assessment of hypervascularity and washout [44]. It is
also showing promise in differentiating between HCC
and non-cancerous hypervascular cirrhotic nodules
based on iodine content alone, regardless of washout,

Fig. 4 An incidentally identified hyperdense right renal cyst in a 72-year-old man. Axial TNC image shows a markedly hyperdense cyst, most
consistent with a hemorrhagic cyst (a) without enhancement on the portovenous phase image (b). However, iodine overlay maps show suspected
mild enhancement (c). The iodine content of the cyst was 1.3 mg/mL, which by accepted thresholds would be considered an enhancing lesion,
however, the normalized iodine content was only 0.27 mg/mlL, consistent with lack of enhancement seen on conventional images
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Fig. 5 Multiphasic spectral CT of a 73-year-old man with known HCC. The known tumor (arrows) shows typical hypervascularity on the
conventional arterial phase (a) which is more prominent on 50 keV mono-energetic image (b), and was ablated with good treatment response
(asterisk) on the 1-month follow-up (c). However, there was an additional lesion (curved arrow) which should have been suspected by the
radiologist on baseline imaging but was missed owing to its minimal arterial enhancement (d). This lesion would not have been missed if 50 keV
mono-energetic images had been reviewed prospectively (e), and on follow-up imaging showed definite washout and enlargement (dashed
arrow), when the patient returned with advancing disease including tumor thrombus in the portal vein

using a threshold of 1.99 for iodine concentration nor-
malized to the adjacent liver [45], although this still needs
further verification before implementation in clinical
practice. Iodine concentration in the equilibrium phase
has been proposed as a method for the noninvasive eval-
uation of fibrosis based on the expansion of the intersti-
tial space seen in cirrhosis [46].

Hepatic steatosis can also be diagnosed using material
decomposition, and fat can be quantified accurately using
this method [47-52].

Pancreas

Pancreatic adenocarcinoma is often difficult to visualize
on conventional CT images, with only a vague hypoden-
sity visible even on pancreatic phase images. Low keV
spectral images and iodine quantification have been
shown to improve the detection of pancreatic adenocar-
cinoma (Fig. 6) and also improve evaluation of arterial
involvement [53-56].

Pancreatitis has also been studied, and in acute pancre-
atitis iodine quantification may aid in diagnosis, using a
threshold of 2.1 mg/mL on pancreatic phase images [57]
and also in assessing vascular complications and necro-
sis, using low keV images [58]. Differentiating chronic
mass forming pancreatitis from adenocarcinoma is
more problematic, but iodine quantification also shows

promise in this regard [59]. In patients with chronic pan-
creatitis VNC images may aid in detecting pancreatic
calcifications and ductal calculi on single phase contrast
enhanced scans, although theoretically these may under-
estimate small calcifications because of erroneous cal-
cium subtraction [58, 60].

Biliary system
Gallstones are often not identified on conventional
CT, with more than half being radiolucent [60]. Thus,
patients who undergo CT scanning for various reasons
often require further workup on ultrasound or magnetic
resonance cholangiopancreatography (MRCP), or even
diagnostic endoscopic retrograde cholangiopancreatog-
raphy (ERCP), depending on the clinical scenario. If CT
could visualize cholelithiasis and choledocholithiasis reli-
ably, there will be significant savings in cost and time-to-
diagnosis. Spectral material decomposition images detect
non-calcified stones with high accuracy, because stones
have a slightly lower effective atomic number (Z-effec-
tive) than bile (Fig. 7), and have a lower attenuation than
bile on low keV images, optimally seen on 40 keV, and
higher attenuation than bile on high keV images, opti-
mally 140 keV [60, 61].

Acute cholecystitis is usually first evaluated on ultra-
sound, although large variability in sensitivity is seen
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Fig. 6 Pancreatic adenocarcinoma in an 84-year-old man. On the late arterial phase image there is a lesion in the pancreatic body showing mild
hypoenhancement compared to the normal pancreatic tissue (a). The lesion’s conspicuity is markedly improved using 50 keV mono-energetic
images (b), iodine concentration overlay maps (c), and effective atomic number maps (d)

with ultrasound [62], because of its wide availability and
better visualization of gallstones, in conjunction with the
ability to evaluate for a sonographic Murphy sign. How-
ever, studies have shown that CT in fact has better sen-
sitivity [62, 63]. Spectral CT using low keV images and
iodine maps may even improve the sensitivity for diagno-
sis, and can better evaluate suspected gangrenous chole-
cystitis because of better visualization of gallbladder wall
enhancement abnormalities [60].

Kidneys

Incidental renal lesions are common, seen in approxi-
mately 10% of CT scans. While most are simple cysts,
it is often difficult to distinguish between benign com-
plicated cysts, possibly malignant complicated cysts
and solid lesions on a single phase contrast enhanced
study. This diagnostic dilemma leads to many follow
up studies both on CT and MR. Spectral CT may ena-
ble accurate evaluation of some of these lesions, thus
decreasing diagnostic costs and time. This has been
one of the earliest applications of spectral CT, due to

the high incidence of indeterminate renal inciden-
talomas [26, 34, 64—68]. Spectral CT can differentiate
non-enhancing from enhancing lesions on single-phase
scans (Fig. 8) using VNC reconstructions and also
iodine maps and spectral attenuation curves [69], with
the diagnosis of avidly enhancing lesions such as clear-
cell renal cell carcinoma (RCC) being easier than the
less avidly enhancing papillary RCC. The threshold for
determining enhancement of a lesion has been stud-
ied, and differences have been found between different
spectral techniques and different scan timings (arterial
vs. nephrographic) [34, 64]. For rapid kV switching, the
reported thresholds are 1.22-2.0 ng/mL, while for dual
source scanners the reported thresholds are 0.5-1.3 ng/
mL. Dual layer scanners thresholds have not been pub-
lished yet. Normalizing the thresholds to the aorta’s
measured iodine concentration reduces intra-manu-
facturer variability, with a threshold of 0.3 across plat-
forms [34]. Effective atomic number can also be used
to diagnose enhancing masses, with an optimal thresh-
old of 8.36 yielding a diagnostic accuracy of 86.6%[66].
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Fig. 7 CT of a 64-year-old man showing mild heterogeneity of the gallbladder contents on conventional images (a), with a clear gallbladder stone
visible on the effective atomic number map (b) as a focal area with lower atomic number than surrounding bile (arrow)

_

Fig. 8 A 54-year-old woman underwent a routine abdominal CT before hernioplasty. Conventional images showed an incidental finding in
the right kidney (arrows) with heterogeneous attenuation on the portovenous phase (a). The lesion’s heterogeneity and suspected enhancing
component are accentuated using a 50 keV mono-energetic image (b). lodine maps prove that the lesion’s high attenuation is true enhancement
(c), showing iodine content of 4.8 mg/mL and a normalized iodine content of 1.1 mg/mL, suspicious for RCC

Measuring iodine concentration is at least as accurate
as measuring enhancement values on enhanced images
compared with unenhanced images [65, 67, 68], but the
effect of pseudo-enhancement on accurate measure-
ments must still be considered as it is with conventional
CT [70, 71]. This is most pronounced in small lesions,

with a diameter under 8 mm, which is why there is
likely still a size threshold for reliably evaluating renal
lesions, even with spectral imaging. In these cases VNC
has similar limitations when there is insufficient iodine
removal close to the collecting system or when there is
avid enhancement of the renal parenchyma [69].
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Iodine concentration is also showing promise in dif-
ferentiating between histological sub-types of RCC, and
has been shown to accurately differentiate between clear-
cell RCC and papillary RCC, using a threshold of 0.9 mg/
mL with an overall accuracy of 95.3%, while also showing
promise in determining tumor grade [72].

Low keV mono-energetic images can also be used to
decrease the amount of contrast used in CT urography,
with adequate enhancement achieved using 50% of con-
trast material dose both for urographic phase evaluation
and for blood vessel evaluation prior to surgery [73].

Evaluation of nephrolithiasis has also been markedly
improved with spectral imaging. Uric acid stones, which
are often treated medically, can be reliably distinguished
from other types of stones (Fig. 9), which may otherwise
necessitate an invasive approach, with an accuracy rang-
ing between 90 to 100% [58, 60, 74, 75]. More advanced
material decomposition using dual source systems with
tin filtration, or advanced applications of spectral detec-
tors, can also differentiate between most other types of
stones [60, 76], although this has a lesser clinical impact.

Adrenals

Adrenal incidentalomas, seen in 1-4.2% of the scanned
population, are considered a major cause of further
imaging required for incidental lesions, and have widely
acceptable imaging guidelines on conventional CT [77].
Adenomas can be diagnosed on conventional CT using
TNC images, with a threshold of 10 HU for differen-
tiating between adenomas and other lesions, and with
dedicated adrenal scans using washout calculations [77].
However, single phase enhanced routine abdominal scans
cannot make this differentiation, leading to further imag-
ing. Spectral imaging has the potential to obviate fur-
ther imaging, both by enabling diagnosis on single phase
enhanced CT scans, and by improving the diagnosis of
lesions considered to be indeterminate, using current CT
and MRI criteria.

Spectral VNC images can be used instead of TNC,
although the minimal difference in HU measurements
between VNC and TNC [11, 78, 79] leads to altered
sensitivity and specificity when using the same thresh-
old, and the optimal VNC threshold for diagnosing an
adenoma has not been determined yet. However, it can
be noted that no false positive cases were found when
using the same threshold [80]. This implies this thresh-
old can be used to safely diagnose adenomas, with the
risk of calling more lesions indeterminate compared
to TNC (Fig. 2). Studies have also shown differences in
attenuation of adrenal lesions on VNC compared to
TNC images, reported more when scans were performed
early in the portal-venous phase compared to later in the
portal-venous phase [80]. Therefore, reaching a widely
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accepted threshold for diagnosing adenomas on VNC
using routine abdominal scans which are likely to be per-
formed with slightly different scan timings in different
institutions may prove to be difficult.

Studies have also demonstrated the superiority of
spectral derived data other than VNC, using attenuation
curves at different keV, material decomposition using fat—
water and fat-iodine pairs, z-effective and other parame-
ters [26, 64, 81]. These studies need further corroboration
using larger cohorts and multiple spectral technologies,
before the results can be used in clinical practice.

Gastrointestinal tract

The obvious application in evaluating bowel disease is the
evaluation of active hemorrhage. Low keV images accen-
tuate active extravasation and may facilitate detection of
intraluminal hemorrhage (Fig. 10) [60, 82]. The use of
VNC images in lieu of TNC images also has the poten-
tial to reduce radiation in active gastrointestinal hemor-
rhage protocols [40] and allow for confident detection of
hemorrhage on non-dedicated portal-venous phase only
scans.

Acute ischemia may also be better evaluated on spec-
tral CT, in both acute mesenteric occlusion [83, 84] and
in ischemia secondary to bowel obstruction [85, 86].
Although one study has only been able to show increased
diagnostic confidence, without improved diagnostic per-
formance [86], the other studies have shown improved
performance for detection of abnormally enhancing
bowel segments using iodine maps and low keV images.

Active bowel inflammation severity in Crohn’s disease
has been shown to be related to iodine concentration [87,
88] and spectral HU curves [88]. Qualitative assessment
of active inflammation may also be improved because
of the heightened hyper-enhancement, seen on low keV
images (Fig. 11). The most useful low keV setting for diag-
nosis of active inflammation was found to be 40 keV (the
lowest achievable in the study) [89], surprising consider-
ing the fact that this keV also has the greatest amount of
noise and is not routinely used in clinical practice in most
centers [86]. Acute appendicitis, which is another type of
inflammation, can also become more visible using iodine
maps and low keV images [60] and these images also
improve diagnostic performance in cases of gangrenous
appendicitis [90].

CT colonography uses low-dose CT to evaluate the
colon for polyps, and electronic fecal cleansing is often
used to correct for inadequate bowel preparation, by
using fecal tagging with iodine or barium. Electronic
cleansing often causes artifacts which decrease image
quality. Spectral data allows for better electronic
cleansing and fecal tagging, with improved image
quality [91, 92]. Deep learning is now being used to
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Fig. 9 Side-by-side images showing uric acid evaluation in two different patients evaluated for nephrolithiasis. a—c showing a calcium-containing
stone in the distal ureter, (d—f) showing uric acid stones in the lower pole calix and proximal ureter, proven as uric acid stones by laboratory
evaluation following lithotripsy and stenting. a, d conventional anatomic images, (b, e) "uric acid removed" overlay images, on which uric acid is
removed from the image leaving a black pixels, and (c, f) are atomic number images showing the different atomic numbers of the different types of
stones
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Fig. 10 A 40-year-old man with upper gastrointestinal bleeding who underwent multiphasic CT for localization. Conventional images show
contrast extravasation in the duodenal bulb (arrows) on the arterial (a) and venous (c) phases. The extravasation is more conspicuous using 50 keV
mono-energetic images on both the arterial (b) and venous (d) phases. The focus of active bleeding is proven on digital subtraction angiography
(e)

Fig. 11 CT enterography of a 74-year-old woman with known Crohn’s disease of the colon. Conventional images show mild mucosal
hyperenhancement in the sigmoid colon (a) which is more conspicuous using 50 keV mono-energetic images (b)
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improve cleansing algorithms, and has been shown to
work better when using spectral data [93].

Bowel tumor evaluation on spectral CT is also being
investigated. The obvious advantages lie in the detec-
tion of primary or metastatic hyper-enhancing tumors,
such as neuroendocrine tumors and melanoma metas-
tases using low KeV mono-energetic images and iodine
maps [94]. Spectral data is also showing promise in
determining histological origin and grade, for instance
determining the histological origin of ampullary
tumors [95], differentiating between bowel adenocar-
cinoma and lymphoma [96], differentiating squamous
cell vs. adenocarcinoma of the gastroesophageal junc-
tion [97], differentiating high vs low-risk gastrointesti-
nal stromal tumors (GIST) [98], diagnosing colorectal
carcinomas with microsatellite instability [50] or high
grade characteristics [99]. Differentiating metastatic
lymph nodes from benign lymph nodes may also be
possible using z-effective and iodine concentrations,
with accuracy similar to MRI on one study, and this
has been studied mostly for rectal carcinoma but also
gastric cancers [100—102]. Response to treatment may
also be better evaluated with spectral data, as shown in
rectal tumors [103] and in GIST [64].

Genital system

Although not extensively studied, the same basic prin-
ciples as in other organs apply to the genital system.
A major possible application is differentiation between
benign and malignant tumors. Iodine maps and low
KeV images improve the identification of enhancing
septations, which raise the suspicion for malignancy
[104]. A recent study found an iodine content thresh-
old of 0.9 mg/mL to have an 81% sensitivity and a
73% specificity in distinguishing benign from malig-
nant tumors. It also found that a Z-effective threshold
of 8.16 had an 85% sensitivity and a 73% specificity
[105]. For assessment of depth of myometrial inva-
sion of endometrial carcinoma, low KeV images per-
form comparably to trans-vaginal ultrasound, when
compared with pathology, with a 91% sensitivity,
100% specificity and 94% accuracy, with conventional-
equivalent images showing only a 57% sensitivity,
86% specificity and 71% accuracy [106]. In cervical
malignancies, iodine maps are showing promise in
evaluating response to chemo-radiation therapy and
in predicting outcome [107]. Iodine content has also
shown promise in differentiating cervical carcinoma
involvement of lymph nodes from normal or reac-
tive lymph nodes [108], with metastatic lymph nodes
showing significantly lower iodine content, although
no definitive thresholds exist.
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Conclusions and future developments

Currently, the most well established application of
spectral imaging is the use of mono-energetic images
of high and low KeV for better visualization of enhanc-
ing structures, decreasing contrast media volume and
decreasing metal artifacts. VNC and z-effective evalu-
ation of specific materials are also relatively robust
and can be used clinically in certain settings, but need
further improvement before widely adopted, in our
opinion. Using spectral data for lesion characteriza-
tion is very promising, however, we believe there is not
enough knowledge to create a clinically robust thresh-
old for iodine content. There is also variability derived
from the different hardware and algorithms used by
the different vendors, possibly precluding our ability
to reach cross-platform thresholds. This application
will likely become well established for clinical use only
when such universal thresholds are determined.

The future of spectral CT is right beyond the bend,
with photon-counting systems already being developed
and site-tested. These scanners are expected to be avail-
able clinically in the next few years, and are expected
to improve material specificity, energy separation and
likely also inter-vendor variability.
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